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Devwudfw
Zh vwxg| wkh uhodwlrq ehwzhhq sxeolf fdslwdo/ hpsor|phqw dqg jurzwk xqghu
glhuhqw dvvxpswlrqv frqfhuqlqj zdjh irupdwlrq1 Zh vkrz wkdw sxeolf fdslwdo
lqfuhdvhv hfrqrplf jurzwk/ dqg wkdw/ li wkhuh lv zdjh lqhuwld/ hpsor|phqw srvl0
wlyho| ghshqgv rq erwk hfrqrplf jurzwk dqg sxeolf fdslwdo1
Nh|zrugv= Xqhpsor|phqw/ zdjh irupdwlrq/ sxeolf fdslwdo/ hqgrjhqrxv jurzwk1
MHO qxpehu= H57/ R741
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Lq wkh hfrqrplf jurzwk olwhudwxuh vrph sdshuv dqdo|}h wkh uhodwlrqvkls ehwzhhq
jurzwk dqg xqhpsor|phqw1 Slvvdulghv +4<<3,/ xvlqj d pdwfklqj prgho ri wkh oderu
pdunhw/ qgv d srvlwlyh hhfw ri jurzwk rq hpsor|phqw yld wkh fdslwdol}dwlrq hhfw
￿
1
Djklrq dqg Krzlww +4<<7, dggv wr wklv srvlwlyh hhfw d qhjdwlyh rqh gxh wr wkh
fuhdwlyh ghvwuxfwlrq hhfw1 Lq wklv sdshu/ xvlqj d prqrsro| xqlrq prgho/ zh qg
wkdw wkhuh lv dovr d srvlwlyh hhfw ri jurzwk rq hpsor|phqw li wkhuh lv zdjh lqhuwld/
wkdw lv/ zkhq wkh zdjh vhw lq rqh shulrg ghshqgv rq suhylrxv zdjhv1 Wklv rffxuv
ehfdxvh/ gxh wr wkh zdjh lqhuwld/ wkh lqfuhdvhv lq surgxfwlylw|/ zklfk duh dvvrfldwhg wr
hfrqrplf jurzwk/ gr qrw ixoo| wudqvodwh lqwr zdjh lqfuhdvhv wkdw suhyhqw hpsor|phqw
jurzwk1
￿
Lq wklv prgho vxvwdlqhg jurzwk lv gxh wr wkh lqwurgxfwlrq ri sxeolf fdslwdo1
Lqfuhdvhv lq sxeolf fdslwdo hqkdqfh jurzwk zklfk srvlwlyho| dhfwv hpsor|phqw zkhq
wkhuh lv zdjh lqhuwld1 Pruh suhflvho|/ zkhq wkh zdjh ghshqgv rq erwk sdvw zdjhv dqg
wkh xqhpsor|phqw ehqhw/ wkh hpsor|phqw udwh frqyhujhv wr d orqj0uxq vwhdg| vwdwh
ydoxh zklfk lqfuhdvhv zlwk sxeolf fdslwdo1 Lq frqwudvw/ zkhq wkh zdjh rqo| ghshqgv
rq sdvw zdjhv/ wkh hpsor|phqw udwh jurzv dw d frqvwdqw udwh xqwlo ixoo0hpsor|phqw
lv dfklhyhg1 Lq wklv fdvh/ lqfuhdvlqj sxeolf fdslwdo hqkdqfhv hpsor|phqw jurzwk
gxulqj wkh wudqvlwlrq wr ixoo0hpsor|phqw1 Ilqdoo|/ zkhq wkh zdjh rqo| ghshqgv rq
wkh xqhpsor|phqw ehqhw dqg/ wkxv/ wkhuh lv qr zdjh lqhuwld/ wkh hpsor|phqw udwh
lv frqvwdqw dqg grhv qrw ghshqg rq sxeolf fdslwdo1
Wkh uhvw ri wkh sdshu lv rujdql}hg dv iroorzv1 Vhfwlrq 5 suhvhqwv wkh prgho1
Vhfwlrq 6 ghqhv wkh htxloleulxp dqg vkrzv krz wkh surshuwlhv ri wkh htxloleulxp
ghshqg rq wkh zdjh irupdwlrq surfhvv1 Dovr lq wklv vhfwlrq/ zh frpsduh wkh hhfwv
rq jurzwk dqg hpsor|phqw ri lqfuhdvlqj sxeolf fdslwdo zkhq glhuhqw prghv ri
jryhuqphqw qdqflqj duh frqvlghuhg1 Vhfwlrq 7 frqfoxghv1
2 Ai ,UL?L4)
Ilupv surgxfh wkh rqo| jrrg ri wkh hfrqrp| xvlqj wkh iroorzlqj surgxfwlrq ixqfwlrq














￿ >  5 +3> 4, >
zkhuh \
￿ lv djjuhjdwh rxwsxw/ N
￿ lv wkh djjuhjdwh vwrfn ri fdslwdo/ O
￿ lv wkh oderu
irufh/ dqg j
￿ phdvxuhv wkh vhuylfhv ghulyhg iurp wkh vwrfn ri sxeolf fdslwdo lq wkh
￿
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4hfrqrp|1 Surw pd{lpl}dwlrq lpsolhv wkdw idfwru sulfhv duh htxdwhg wr pdujlqdo
















Htxdwlrq +514, fkdudfwhul}hv wkh oderu ghpdqg1
I roorzlqj pdq| rwkhuv/ zh dvvxph wkdw wkh xqlrqv* suhihuhqfhv duh fkdudfwhul}hg
e| wkh iroorzlqj Vwrqh0Jhdu| xwlolw| ixqfwlrq=
Y +z
￿ , @ ++4  






￿ >  5 +3> 4, =
Wkxv/ xqlrqv* xwlolw| ghshqgv rq erwk hpsor|phqw dqg wkh glhuhqfh ehwzhhq wkh
zdjh qhw ri wd{hv dqg d uhvhuydwlrq zdjh/ z
￿
￿ +vhh gh od Furl{ hw do1 4<<9,1 Wkh
sdudphwhu  lv d phdvxuh ri wkh frqfdylw| ri wkh xwlolw| ixqfwlrq zlwk uhvshfw wr
wkh glhuhqfh ehwzhhq wkh zdjh dqg wkh uhvhuydwlrq zdjh/ 
￿ lv d wd{ rq wkh oderu
lqfrph wkdw hpsor|hg zrunhuv sd| wr qdqfh wkh xqhpsor|phqw ehqhw dqg  lv dq
lqfrph wd{1 Xqlrqv fkrrvh d zdjh wkdw pd{lpl}hv wkh xwlolw| ixqfwlrq wdnlqj lqwr
dffrxqw wkdw wkh oderu ghpdqg ghshqgv rq wkh zdjh +xqlrq*v prqrsro| prgho,1 Wkh











￿ lv wkh hodvwlflw| ri wkh oderu ghpdqg zklfk lv frqvwdqw1
I roorzlqj gh od Furl{ hw do1 +4<<9,/ zh dvvxph wkdw wkh uhvhuydwlrq zdjh lv
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￿ lv wkh xqhpsor|phqw ehqhw qhw ri wd{hv dqg ! 5 ^3> 4` surylghv d phdvxuh





￿ . +4  !, +4  





￿ , +4   , +4  ,
= +515,
Wkh suhylrxv zdjh htxdwlrq vkrzv wkh h{lvwhqfh ri zdjh lqhuwld surylghg ! ? 4=
Zdjh lqhuwld frxog dovr eh ghulyhg lq dq hflhqw zdjh prgho zkhuh zrunhuv* glvxwlolw|
ghshqgv rq wkh frpsdulvrq ehwzhhq fxuuhqw dqg sdvw zdjhv +vhh Froodug hw do1 5333
dqg gh od Furl{ hw do1 5333,1 Wkhuhiruh/ wkh dvvxpswlrq wkdw gulyhv wkh uhvxowv lv qrw
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5wkh zdjh vhwwlqj xqghu xqlrqlvp exw wkdw djhqwv* xwlolw| ghshqgv rq wkh frpsdulvrq
ehwzhhq suhvhqw dqg sdvw zdjhv1
Rq wkh frqvxphuv* vlgh/ zh frqvlghu d vwdqgdug ryhuodsslqj jhqhudwlrqv prgho
+ROJ/ khqfhiruwk,1 Zh dvvxph wkdw hdfk frqvxphu olyhv iru wzr shulrgv1 Lq wkh
uvw shulrg/ frqvxphuv lqhodvwlfdoo| vxsso| rqh xqlw ri oderu/ frqvxph/ dqg vdyh1 Lq
wkh vhfrqg shulrg/ wkh| frqvxph wkh lqfrph jhqhudwhg e| wkh vdylqjv dffxpxodwhg
gxulqj wkh uvw shulrg1 Pruhryhu/ zh dvvxph wkdw lq hdfk shulrg w> wkhuh duh Q
￿
frqvxphuv lq wkhlu uvw shulrg ri olih/ dqg wkdw srsxodwlrq jurzv dw d frqvwdqw
jurzwk udwh/ q  4= Iru vlpsolflw|/ zh dvvxph wkdw frqvxphuv* xwlolw| ixqfwlrq lv
krprwkhwlf vr wkdw wkh vdylqjv ixqfwlrq lv d frqvwdqw iudfwlrq ri lqfrph/ l1h1/ v
￿ @ vL
￿
zkhuh v 5 +3> 4, > dqg L
￿ @ +4  
￿ , +4   , z
￿ zkhq wkh frqvxphu lv hpsor|hg dqg
L
￿ @ g
￿ zkhq wkh frqvxphu lv xqhpsor|hg1 Ehfdxvh hdfk djhqw lqhodvwlfdoo| vxssolhv
rqh xqlw ri oderu lq wkh uvw shulrg/ wkh djjuhjdwh oderu vxsso| lv htxdo wr Q
￿ > dqg
djjuhjdwh vdylqjv duh htxdo wr
V
￿ @ v +O
￿ +4  







￿ duh wkh xqhpsor|hg zrunhuv wkdw uhfhlyh wkh xqhpsor|phqw ehqhw1
Wkh jryhuqphqw froohfwv wd{hv lq rughu wr qdqfh erwk wkh xqhpsor|phqw ehqhw
dqg d sxeolf lqsxw1 Pruh suhflvho|/ wkh xqhpsor|phqw ehqhw/ dv zh vdlg/ lv qdqfhg










dqg jryhuqphqw uhyhqxhv/ U
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￿ lv wkh wd{ rq wkh lqwhuhvw udwh1 Zh dovr dvvxph wkdw wkh jryhuqphqw ghyrwhv
d iudfwlrq y ri wkh surgxfwlrq wr wkh sxeolf lqsxw dqg wkdw wkh vhuylfhv ghulyhg iurp
wkh sxeolf lqsxw duh frqjhvwhg e| wkh qxpehu ri zrunhuv lq wkh hfrqrp|1
￿
Wklv














Lq wklv vhfwlrq/ zh ghulyh wkh htxdwlrqv wkdw fkdudfwhul}h wkh htxloleulxp ri wklv
hfrqrp|1 Wr wklv hqg/ zh uvw ghulyh wkh htxloleulxp surgxfwlrq ixqfwlrq dqg wkh
htxloleulxp jryhuqphqw exgjhw frqvwudlqw1
￿
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6Vxevwlwxwlqj +517, lqwr wkh surgxfwlrq ixqfwlrq dqg vroylqj iru j












Soxjjlqj wkh suhylrxv h{suhvvlrq lqwr wkh surgxfwlrq ixqfwlrq/ zh ghulyh wkh










phdvxuhv wrwdo idfwru surgxfwlylw|1 Qh{w/ frpelqlqj +514, dqg
+518,/ zh ghulyh wkh htxloleulxp jryhuqphqw exgjhw frqvwudlqw
y @ 
￿ . +4  ,  +4  
￿ , =
Lq htxloleulxp/ wkh vdylqjv dffxpxodwhg e| wkh frqvxphuv duh wkh qh{w shulrg
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￿ ,, @ J> +615,
zklfk frlqflghv zlwk wkh udwh ri jurzwk ri rxwsxw dv iroorzv iurp +614,1
Xvlqj +514,/ zh ghulyh wkh oderu ghpdqg
z





















Htxdwlrq +616,/ ghulyhg iurp wkh oderu ghpdqg/ lpsolhv wkdw wkh djjuhjdwh oderu
lqfrph jurzv dw d frqvwdqw jurzwk udwh zklfk frlqflghv zlwk wkh hfrqrplf jurzwk
udwh1 Wkh uhdvrq lv wkdw wkh djjuhjdwh oderu lqfrph lv d frqvwdqw iudfwlrq ri
surgxfwlrq dqg/ wkxv/ lw jurzv zlwk surgxfwlrq1 Wkh lqfuhdvh lq wkh djjuhjdwh oderu
lqfrph pd| lpso| hlwkhu odujhu zdjhv ru odujhu hpsor|phqw1 Zh zloo vkrz wkdw li
wkhuh lv qr zdjh lqhuwld wkhq dq lqfuhdvh lq hfrqrplf jurzwk ixoo| wudqvodwhv lqwr
zdjh jurzwk dqg wkhuh lv qr lqfuhdvh lq wkh hpsor|phqw udwh1 Wkhuhiruh/ rqo| zkhq
wkhuh lv zdjh lqhuwld/ hfrqrplf jurzwk fdxvhv hpsor|phqw jurzwk1





































+4 . q, +4  !,
4  
=
Htxdwlrq +617, vkrzv wkdw wkh jurzwk udwh ri zdjhv qhjdwlyho| ghshqgv rq wkh
xqhpsor|phqw udwh1 Dffruglqj wr Eodqfkdug dqg Ndw} +4<<<, wklv zdjh htxdwlrq lv
hpslulfdoo| vxssruwhg e| XV gdwd1





￿ = Frpelqlqj +616, dqg +617,/ zh
































mrlqwo| vdwlvi| +615,/ +618,/ dq lqlwldo frqglwlrq rq wkh vwrfn ri fdslwdo/ N
￿ > dqg





Pruhryhu/ d edodqfhg jurzwk sdwk
htxloleulxp +EJS/ khqfhiruwk, lv dq htxloleulxp sdwk zkhuh fdslwdo jurzv dw d
frqvwdqw jurzwk udwh dqg wkh hpsor|phqw udwh uhpdlqv frqvwdqw1 Wkh iroorzlqj
sursrvlwlrq fkdudfwhul}hv wkh EJS=


















Surri1 Wkh surri iroorzv iurp +615, dqg lpsrvlqj o
￿ @ o iru doo w lq +618,1
Lq rughu wr jxdudqwhh iru d zhoo ghqhg EJS/ wkdw lv o 5 ^3> 4` > zh pxvw dvvxph
wkdw wkh sdudphwhuv vdwlvi| wkh iroorzlqj uhodwlrq= J A 
￿
= Qh{w/ lq wkh sursrvlwlrq
ehorz/ vwdelolw| ri wkh EJS lv glvfxvvhg1
Sursrvlwlrq 6151 Dvvxph wkdw ! 5 +3> 4, = Wkhq/ wkh EJS htxloleulxp lv joredoo|
vwdeoh1 Wkxv/ wkh g|qdplf htxloleulxp frqyhujhv wr wkh EJS iurp dq| lqlwldo
frqglwlrq1
Surri1 Xvlqj +618,/ lw fdq eh vkrzq wkdw li o








￿ 5 +3> 4, = Wklv phdqv
wkdw wkh EJS lv orfdoo| vwdeoh dqg ehfdxvh wkhuh lv d xqltxh EJS lw lv dovr joredoo|
vwdeoh1
Zkloh wkh jurzwk udwh ri erwk fdslwdo dqg rxwsxw lv frqvwdqw dorqj wkh htxloleulxp
sdwk dv iroorzv iurp +615,/ wkh hpsor|phqw udwh fkdqjhv dorqj wkh wudqvlwlrq wr wkh
EJS li ! 5 +3> 4,1 Pruhryhu/ ehfdxvh 
￿
A 3/ zkhq ! 5 +3> 4, dqg wkxv wkhuh lv
lqhuwld lq wkh zdjh irupdwlrq surfhvv/ wkh hpsor|phqw udwh srvlwlyho| ghshqgv rq
wkh hfrqrplf jurzwk udwh dqg rq sxeolf fdslwdo dv iroorzv iurp +615,1 Wklv uhvxow
srlqwv rxw wkh lpsruwdqfh ri wkh zdjh irupdwlrq surfhvv lq gulylqj wkh g|qdplfv ri
hpsor|phqw1 Dfwxdoo|/ zkhq ! @ 4 dqg wkxv wkh uhvhuydwlrq zdjh grhv qrw ghshqg
rq sdvw zdjhv/ o





￿ iru doo w= Lq wklv fdvh/ wkh hpsor|phqw udwh grhv qrw
￿




8h{klelw wudqvlwlrq dqg wkh jurzwk udwh grhv qrw dhfw wkh udwh ri xqhpsor|phqw zklfk
lpsolhv wkdw dq lqfuhdvh lq sxeolf fdslwdo fdxvhv pruh jurzwk exw grhv qrw dhfw wkh
udwh ri xqhpsor|phqw1 Lq frqwudvw/ zkhq ! @ 3 dqg wkxv wkh uhvhuydwlrq zdjh










Ehfdxvh ri wkh dvvxpswlrqv pdgh/ wklv jurvv jurzwk udwh lv odujhu wkdq rqh lpso|lqj
wkdw wkh hpsor|phqw udwh prqrwrqlfdoo| jurzv xqwlo ixoo hpsor|phqw lv dfklhyhg1
Pruhryhu/ hfrqrplf jurzwk lqfuhdvhv wkh jurzwk udwh ri hpsor|phqw gxulqj wkh
wudqvlwlrq1 Wkhuhiruh/ wkh htxloleulxp sdwk fuxfldoo| ghshqgv rq wkh ydoxh ri wkh
sdudphwhu != Lqwhuhvwlqjo|/ wkh hpslulfdo olwhudwxuh qgv wkdw wkh ydoxh ri ! glhuv
vxevwdqwldoo| ehwzhhq frxqwulhv dqg ghshqglqj rq wkh xvh ri plfur dqg pdfur gdwd
+vhh/ iru h{dpsoh/ Eodqfkdug dqg Ndw} +4<<:,/ +4<<<,,1
Z h surfhhg wr ghulyh wkh orqj uxq hhfwv rq hpsor|phqw dqg rq wkh jurzwk udwh
ri lqfuhdvlqj sxeolf fdslwdo zkhq ! 5 +3> 4,1 Ixuwkhupruh/ zh frpsduh wkh hhfwv
ri lqfuhdvlqj sxeolf fdslwdo xqghu glhuhqw prghv ri jryhuqphqw qdqflqj dqg zh
glvfxvv wkh hhfwv ri lqfuhdvlqj wkh xqhpsor|phqw ehqhw1 Wkh uhvxowv duh jlyhq lq
wkh iroorzlqj sursrvlwlrq=
Sursrvlwlrq 6161 Dvvxph wkdw ! 5 +3> 4, dqg ohw y
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￿ ? +A, 31
Surri1 Sduw d iroorzv iurp wkh ghqlwlrq ri wkh orqj uxq jurzwk udwh lq +615,1 Sduw
e iroorzv iurp wkh ghqlwlrq ri wkh orqj uxq hpsor|phqw udwh lq Sursrvlwlrq 6141
Lqfuhdvlqj sxeolf fdslwdo hqkdqfhv wkh pdujlqdo surgxfw ri oderu dqg/ khqfh/ wkh
zdjh lqfuhdvhv1 Wkh lqfuhdvh lq zdjhv dffhohudwhv vdylqjv zklfk h{sodlqv wkh srvlwlyh
hhfw ri sxeolf fdslwdo rq hfrqrplf jurzwk1 Ixuwkhupruh/ ehfdxvh ri wkh dvvxpswlrqv
pdgh rq wkh xwlolw| ixqfwlrq/ d wd{ rq wkh lqwhuhvw udwh grhv qrw uhgxfh vdylqjv1 Wklv
h{sodlqv wkh uhvxow lq Sduw d ri Sursrvlwlrq 616 wkdw vkrzv wkdw lqfuhdvlqj sxeolf
fdslwdo dozd|v uhvxowv lq d odujhu jurzwk udwh zkhq lw lv qdqfhg e| phdqv ri wd{hv
rq wkh lqwhuhvw udwh1 Lq frqwudvw/ dq lqfuhdvh lq wkh wd{ rq wkh oderu lqfrph gulyhv
wzr rssrvlwh irufhv wkdw dhfw jurzwk1 Rq wkh rqh kdqg/ lw lqfuhdvhv sxeolf fdslwdo
zklfk dffhohudwhv jurzwk1 Rq wkh rwkhu kdqg/ dq lqfuhdvh lq wkh wd{ udwh rq wkh oderu
lqfrph uhgxfhv wkh lqfrph ri wkh shrsoh zkr vdyh zklfk ghwhuv jurzwk dv vdylqjv
duh uhgxfhg1 Wklv h{sodlqv wkh dpeljxlw| rq wkh jurzwk hhfwv ri lqfuhdvlqj wklv
wd{1 Ilqdoo|/ lqfuhdvlqj wkh wd{ wkdw lv xvhg wr qdqfh wkh xqhpsor|phqw ehqhw kdv
h{dfwo| wkh rssrvlwh hhfwv1 Lw lqfuhdvhv wkh lqfrph ri wkh shrsoh zkr dffxpxodwh
sulydwh fdslwdo dqg uhgxfhv sxeolf fdslwdo1 Djdlq/ wklv h{sodlqv wkdw wkh jurzwk
hhfwv ri lqfuhdvlqj wklv wd{ udwh duh dpeljxrxv dqg ghshqg rq wkh ydoxh ri wkh
iudfwlrq ri surgxfwlrq ghyrwhg wr sxeolf fdslwdo1
Lqfuhdvlqj sxeolf fdslwdo pd| hqkdqfh wkh hpsor|phqw udwh zkhq lw lqfuhdvhv
hfrqrplf jurzwk1 Zkhq wkh lqfuhdvh lq sxeolf fdslwdo lv qdqfhg e| phdqv ri wd{hv
rq wkh lqwhuhvw udwh/ wkh hpsor|phqw udwh dozd|v lqfuhdvhv zlwk wklv wd{ dv jurzwk
xqdpeljxrxvo| lqfuhdvhv1 Lq frqwudvw/ zkhq wkh lqfuhdvh lq sxeolf fdslwdo lv qdqfhg
e| phdqv ri wd{hv rq wkh oderu lqfrph/ wkh hpsor|phqw udwh ghfuhdvhv zlwk wklv wd{
9zkhq wkh iudfwlrq ri surgxfwlrq ghyrwhg wr sxeolf fdslwdo/ y/ lv odujh1 Wklv qhjdwlyh
hhfw pd| rffxu ehfdxvh wd{hv rq wkh oderu lqfrph hqkdqfh wkh zdjh sd|hg e| upv
dqg/ khqfh/ uhgxfh wkh oderu ghpdqg1 Ilqdoo|/ dq lqfuhdvh lq wkh wd{ xvhg wr qdqfh
wkh xqhpsor|phqw ehqhw uhvxowv lq d uhgxfwlrq lq wkh hpsor|phqw udwh xqohvv wkh
iudfwlrq ri surgxfwlrq ghyrwhg wr sxeolf fdslwdo lv yhu| odujh1 Wklv qhjdwlyh hhfw
rffxuv ehfdxvh lqfuhdvlqj wkh xqhpsor|phqw ehqhw pdnhv wkh zdjh odujhu dqg/
khqfh/ uhgxfhv wkh hpsor|phqw udwh1
e L?U*tL?t
Lq wklv hfrqrp| lqfuhdvlqj sxeolf fdslwdo hqkdqfhv jurzwk dqg pd| lqfuhdvh wkh
hpsor|phqw udwh1 Zkloh wkh uvw uhvxow grhv qrw ghshqg rq wkh zdjh irupdwlrq
surfhvv/ wkh vhfrqg uhvxow fuxfldoo| ghshqgv rq wklv surfhvv1 Pruhryhu/ zh kdyh
srlqwhg rxw wkdw wkh surshuwlhv ri wkh htxloleulxp erwk lq wkh orqj uxq dqg gxulqj
wkh wudqvlwlrq fuxfldoo| ghshqg rq wkh zdjh irupdwlrq surfhvv1
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